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Abstract 

Porcine deltacoronavirus (PDCoV) was initially documented in Hong Kong and later in the United States, South Korea, and 
Thailand. To investigate if PDCoV is also present in Taiwan, three swine coronaviruses—PDCoV, porcine epidemic diar¬ 
rhea virus (PEDV), and transmissible gastroenteritis coronavirus (TGEV)—were tested using real-time reverse transcription 
polymerase chain reaction (rRT-PCR) in 172 rectal swab samples from piglets exhibiting diarrhea between January 2016 
and May 2017 on 68 pig farms in Taiwan. The rRT-PCR results were positive for PDCoV (29/172, 16.9%), PEDV (36/172, 
20.9%), TGEV (2/172, 1.2%), and coinfections (16/172, 9.3%). After cloning and sequencing, PDCoV nucleocapsid genes 
were analyzed. Phylogeny results indicated that the nucleotide sequences of all isolates were like those reported in other 
countries. To further trace PDCoV in the period of 2011 to 2015, an enzyme-linked immunosorbent assay (ELISA) was 
used to detect antibodies against PDCoV. The results showed that 279 of 1,039 (26.9%) sera were positive for the PDCoV 
nucleocapsid protein, implying that PDCoV might have existed in Taiwan before 2011. 


Porcine deltacoronavirus (PDCoV) is an enveloped, posi¬ 
tive-sense single-stranded RNA virus that belongs to the 
family Coronaviridae. PDCoV was first discovered in Hong 
Kong, China in 2012 [1]. It was subsequently reported in the 
United States [2-4] and South Korea [5] in 2014, followed 
by Thailand and mainland China in 2015 [6, 7]. Currently, 
there are at least three members of the family Coronaviridae 
that can cause diarrhea in pigs: transmissible gastroenteri¬ 
tis virus (TGEV), porcine epidemic diarrhea virus (PEDV), 
and porcine deltacoronavirus (PDCoV) [8]. Both TGEV 
and PEDV belong to the genus Alphacoronavirus , whereas 
PDCoV belongs to the new genus Deltacoronavirus. PEDV 
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is an important enteric pathogen that causes piglet diarrhea 
worldwide, and it has caused significant economic losses in 
the swine industry in Taiwan from 2013 to 2014 [9]. How¬ 
ever, PDCoV and PEDV share a similar clinical manifes¬ 
tation, and many studies have shown that coinfection with 
PEDV and PDCoV is common in piglets [2-4]. Thus, the 
purpose of this study was to identify the viruses responsible 
for causing diarrhea in piglets and to specifically investigate 
the prevalence of PDCoV infection in Taiwan. 

In this study, 172 rectal swabs of piglets that suffered 
from diarrhea from 68 pig farms located in central and south¬ 
ern Taiwan were collected between January 2016 and May 
2017. All rectal swabs were transported in phosphate-buff¬ 
ered saline with 5% glycerol. The total nucleic acid content 
was then extracted from the rectal swabs using a LabPrep™ 
DNA/RNA Mini Kit (Taigen Biotechnology, Taiwan). The 
isolated nucleic acid samples were tested for the presence of 
swine enteric coronaviruses—TGEV, PEDV, and PDCoV— 
using the IDEXX™ RealPCR® Test Kits. PDCoV-positive 
samples were further examined by traditional reverse tran¬ 
scription polymerase chain reaction (RT-PCR) with primers 
PDCoV-N 1 (5 ’ -ACC ATCGCTCC A AGTCATTCTTG-3 ’) 
and PDCoV-N2 (5 ’ -GAGTGGAGTTGGGTG GGTTTA 
AC-3’). The traditional RT-PCR was done using a LabStar™ 
OneStep RT-PCR Kit (Taigen Biotechnology, Taiwan). The 
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reverse-transcription reaction was performed at 50 °C for 
30 minutes, and then a standard polymerase chain reaction 
was performed: 30 cycles of 94 °C (30 seconds), 55 °C (30 
seconds), and 72 °C (1 minute). After electrophoresis and 
gel elution, amplified products were cloned and sequenced. 
The nucleotide sequence data were analyzed using Chromas 
Lite, and the deduced amino acid sequences of the open 
reading frames were compared to other PDCoV sequences 
using BLAST. The sequences of three complete PDCoV 
nucleocapsid (PDCoV-N) genes, Taiwan 22, Taiwan 33, and 
Taiwan 36, were obtained and deposited in GenBank (acces¬ 
sion numbers KY586147 to KY586149). Multiple sequence 
alignment and phylogenetic tree construction were then per¬ 
formed using the MEGA7 program [10]. 

A PDCoV-N clone (Taiwan 22) was further subcloned 
into the protein expression vector pET-32a(+) using prim¬ 
ers PDCoV-N-F (5 ’ -ACCGGATCCATGGCTGC ACCAGTA 
GTCCC-3’) and PDCoV-N-R (5’-CACAAGCTTCTACGC 
TGCTGATTCCTGCT-3’). The PDCoV-N protein was then 
expressed by adding isopropyl-p-D-thiogalactoside (IPTG) 
(final concentration 0.3 mM) to a bacterial culture and was 
purified using immobilized metal affinity chromatogra¬ 
phy for a subsequent enzyme-linked immunosorbent assay 
(ELISA). A total of 1,039 serum samples collected from 
34 pig farms in Taiwan during 2011 to 2015 were tested, 
and 27 specific-pathogen-free (SPF) pig sera were obtained 
from the Animal Technology Institute Taiwan to be used 
negative controls. The ELISA was conducted following the 
modified procedures described in a previous study [11]. In 
brief, 96-well microtiter plates were coated with purified 
His-tagged PDCoV-N (100 ng/well) in 50 mM carbonate 
buffer (pH 9.6) at 4 °C for 12-14 hours and blocked with 
blocking buffer (3% bovine serum albumin in Tris-buffered 
saline (TBS): 50 mM Tris-Cl, pH 7.5, 150 mM NaCl) at 
room temperature for 1 hour. After washing three times 
with TBST (TBS containing 0.05% Tween-20), 100 pi of 
the tested sera (1:100 dilution in blocking buffer) were added 
to the wells and incubated at room temperature for 1 hour. 
After incubation, the plate was washed three times with 200 
pi of TBST and incubated at room temperature for 1 hour 
with 100 pi of goat a-porcine Ig antibody conjugated with 
horseradish peroxidase at a concentration of 1:4000 dilution 
in blocking buffer. After washing, 100 pi of 3,3’,5,5’-tetra- 
methylbenzidine (TMB) substrate solution was added, and 
the plate was incubated at room temperature for 10 minutes. 
The development reaction was stopped by adding 50 pi of 
2 M H 2 S0 4 , and the absorbance at 450 nm wavelength was 
measured. All tests included a blank coated with antigen 
only, a second antibody control, and six SPF sera as nega¬ 
tive controls. If the detection value was lower than (mean neg 
+ 2x SD), the serum was considered negative. On the other 
hand, a serum detection value larger than [(mean neg + SD) 
X 2] was considered positive. 


Of these tested samples, 29 were positive for PDCoV 
(16.9%), 36 were positive for PEDV (20.9%), and only 
two were positive for TGEV (1.2%). Regarding coinfection 
rates, only one of the 172 specimens (0.6%) was positive 
for all three coronaviruses, one was positive for PEDV 
and TGEV (0.6%), and 14 of them (8.1%) were positive 
for PDCoV and PEDV. Based on the real-time RT-PCR 
(rRT-PCR) detection results, the percentage of pig farms 
that were positive for at least of one of the coronaviruses 
was 25% for PDCoV (17/68), 22.1% for PEDV (15/68), 
and 2.9% for TGEV (2/68). 

We compared the sensitivity of the IDEXX rRT-PCR kit 
and the traditional RT-PCR used for cloning the N protein 
of PDCoV in this study. All 29 PDCoV-positive samples 
were re-examined by conventional RT-PCR, which showed 
that only eight (8/29, 27.6%) were positive, accounting 
for 4.7% (8/172) of total tested samples. The relatively 
low positive rate determined by conventional RT-PCR was 
comparable to that determined by a similar method in a 
recent study, in which PDCoV was detected exclusively 
in nursing piglets, with an overall prevalence of approxi¬ 
mate 1.28% (5/390) in southern China [12]. It is plausi¬ 
ble that for the specimens containing PDCoV genomic 
RNA of low quantity or quality, most of the commercial 
rRT-PCR kits, which are designed to amplify short tar¬ 
get sequences, can achieve higher sensitivity in detection 
compared with conventional RT-PCR. In addition, four 
of the eight positive samples were cloned and sequenced, 
and the sequence data matched the PDCoV-N reference 
sequences. All of these four sequences covered the com¬ 
plete coding sequences of PDCoV-N, but one of them, 
Taiwan 34, had a nonsense mutation within the PDCoV-N 
gene (data not shown). Such a mutation might arise from 
an occasional change in RNA sequence occurring during 
serial propagation of PDCoV [13]. Despite the mutation, 
the result revealed the presence of the PDCoV genome 
in the specimen in which Taiwan 34 was cloned, while 
it remained to be clarified if mutations occurred in other 
PDCoV-encoded genes as well. 

Phylogeny analysis of PDCoV-N genes showed that 
PDCoVs found in Taiwan were highly similar in their nucle¬ 
otide sequences to isolates from the United States, mainland 
China, and other countries (Fig. 1). However, the amino- 
acid-based phylogeny results of the PDCoV-N proteins 
revealed that Taiwan isolates can be clustered into different 
groups (Fig. 2). This might be due to missense mutations in 
the 66 th (F Y), 198 th (E K), 234 th (G R/T), 271 th 
(F —*• S), and 275 th (G —> E/D) amino acid residues of the 
PDCoV-N protein (Fig. 3). The charges of amino acids were 
changed in three residues (198 th , 234 th , and 275 th ), and the 
remaining residue changes had altered polarity. The phy¬ 
logeny results imply that PDCoVs isolated in Taiwan might 
have existed for a long time. 
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Fig. 1 Phylogenetic tree of the PDCoV-N nucleotide sequences 
constructed using the distance-based neighbor-joining method in 
MEGA7 [10]. All analyzed sequences obtained from GenBank were 
made available in August 2017 and are indicated by their accession 


number and/or strain name. The sequences obtained in this study are 
indicated by bold font. Bootstrap values were calculated with 1,000 
replicates. The scale bar indicates the number of nucleotide substitu¬ 
tions per site 


Springer 




































































T.-H. Hsu et al. 



34 


USA (32 isolates), China (34 isolates). South Korea (7 isolates), Vietnam (2 isolates), Japan (1 isolate)/2012~2017 


86 


KU204699/GD02/China/2015 
KJ481931/Illinoisl21/USA/2014 
KJ 601779/Illinoisl36/USA/2014 


KJ769231, KP995363-9, KR265862~3 (10 isolates)/USA/2014 

KT371504~7 (4 isolates)/USA/2015; KU870489~90 (2 isolates)/Thailand/2015; KT945051/USA/2016 


76 


38 


48 


KY129986/HB-BD/China/2016 

MF948005/HB-BD/China/2017 

MF431743/SD/Chin a/2014 

88 

- KU870485~8, KU984334 (5 isolates)/Thailand/2015; KX118627/Lao/2016 


53 


70 


KP757890/CHN-AH-2004/Chin a/2014 

KU051641~56 (16 isolates)/Thailand/2015 

-KR060084/SL5/South Korea/2015 


◄ 


99 


99 L KR060085/SI_2/South Korea/2015 

KY586147 PDCoV/Swine/Taiwan22/2016 
KY586148 PDCoV/Swine/Taiwan33/2016 
-KY586149 PDCoV/Swine/Taiwan36/2016 


K] 584356/SD3424/USA/2014 
KR265847/Minnesota442/USA/2014 
KR265848/Minnesota214/USA/2014 


I-1 

0.001 


Fig. 2 Phylogenetic tree of the PDCoV-N polypeptide sequences 
constructed using the distance-based neighbor-joining method in 
MEGA7 [10]. All analyzed sequences obtained from GenBank were 
made available in August 2017 and are indicated by their accession 


number and/or strain name. The sequences obtained in this study are 
indicated by bold font. Bootstrap values were calculated with 1,000 
replicates. The scale bar indicates the number of nucleotide substitu¬ 
tions per site 
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Fig. 3 Five major amino acid differences in the N proteins of 
PDCoVs—the 66 th (F -> Y), 198 ,h (E K), 234 th (G R/T), 271 th 
(F —> S), and 275 th (G —> E/D) amino acid residues—from Taiwan 
compared to those from other countries. The abbreviation “TWN” 
stands for Taiwan, and the abbreviation “OTH” stands for other coun¬ 
tries. At the 234 th amino acid residue (indicated by *) of the PDCoV- 
N protein, all three Taiwan isolates contained glycine, but all isolates 


from other countries contained arginine at this position, with the 
exception of one isolate from Thailand, which contained threonine. 
All three Taiwan isolates contained glycine at the 275 th amino acid 
residue (indicated by #) of the PDCoV-N protein, but all isolates from 
other countries contained glutamic acid, except for KJ584356 (USA), 
KR265847 (USA), KR265848 (USA), and KR060084 (South Korea), 
which contained aspartic acid 
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To determine if PDCoV had already existed in Taiwan 
before 2016, the PDCoV-N protein was cloned, expressed, 
purified, and coated onto a 96-well microtiter plates for ret¬ 
rospective testing. Swine sera collected between 2011 and 
2015 were tested for their reactivity to a PDCoV-N protein. 
The ELISA results showed that 279 of 1,039 (26.9%) sera 
were able to react with the PDCoV-N protein when [detected 
value > (mean neg +SD) x 2] was used as positive thresh¬ 
old, but only 48 of 1,039 (4.6%) sera were positive when 
[detected value > (mean neg +SD) x 3] was set as the thresh¬ 
old. The data indicated that PDCoV has existed in Taiwan 
since 2011. Similar ELISA tests were also used to investi¬ 
gate the presence of PDCoV in other studies [7, 11, 14, 15]. 

Based on our findings, we confirm that infection of 
PDCoV and its coinfection with PEDV in pigs have existed 
in Taiwan between 2011 and 2017. It is known that anti¬ 
bodies against PEDV, TGEV, or PDCoV provide no cross¬ 
protection against either of the other two coronaviruses [14, 
16-19]. Coinfection with PEDV and PDCoV might explain 
why some efforts have been ineffective in the PEDV vac¬ 
cination program. Therefore, a divalent vaccine to control 
PDCoV and PEDV is desperately needed. 

Acknowledgements This study was supported by Grants 
105AS-10.1.2-BQ-B1 and 106AS-9.1.2-BQ-B1 from the Bureau 
of Animal and Plant Health Inspection and Quarantine (BAPHIQ, 
Taiwan). 

Compliance with ethical standards 

Funding This study was supported by Grants 105AS-10.1.2-BQ-B1 
and 106AS-9.1.2-BQ-B1 from the Bureau of Animal and Plant Health 
Inspection and Quarantine (BAPHIQ), Council of Agriculture in Tai¬ 
wan. 

Conflict of interest Tien-Huan Hsu has received grants from the Bu¬ 
reau of Animal and Plant Health Inspection and Quarantine. All au¬ 
thors declare no conflict of interest. 

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors. Rectal swabs 
were collected from clinically diarrheic piglets in pig farms in Taiwan, 
while swine sera were obtained from the Animal Disease Control Cent¬ 
ers of various counties and the Animal Technology Institute Taiwan. 


References 

1. Woo PCY, Lau SK, Lam CSF, Lau CCY, Tsang AKL, Lau JHN, 
Bai R, Teng JLL, Tsang CCC, Wang M, Zheng BJ, Chan KH, 
Yuen KY (2012) Discovery of seven novel mammalian and avian 
coronaviruses in the genus Deltacoronavirus supports bat coro¬ 
naviruses as the gene source of Alphacoronavirus and Betacoro- 
navirus and avian coronaviruses as the gene source of Gamrnac- 
oronavirus and Deltacoronavirus. J Virol 86:3995-4008 

2. Marthaler D, Raymond L, Jiang Y, Collins J, Rossow K, Rovira 
A (2014) Rapid detection, complete genome sequencing, and 


phylogenetic analysis of porcine deltacoronavirus. Emerg Infect 
Dis 20:1347-1350 

3. Wang L, Byrum B, Zhang Y (2014) Detection and genetic char¬ 
acterization of deltacoronavirus in pigs, Ohio, USA, 2014. Emerg 
Infect Dis 20:1227-1230 

4. Wang L, Byrum B, Zhang Y (2014) Porcine coronavirus HKU15 
detected in 9 US states, 2014. Emerg Infect Dis 20:1594-1595 

5. Lee S, Lee C (2014) Complete genome characterization of Korean 
porcine deltacoronavirus strain KOR/KNU14-04/. Genome 
Announc 2:e001191-e001204 

6. Janetanakit T, Lumyai M, Bunpapong N, Boonyapisitsopa S, Chai- 
yawong S, Nonthabenjawan N, Kesdaengsakonwut S, Amonsin A 
(2015) Porcine deltacoronavirus, Thailand, 2015. Emerg Infect 
Dis 22:757-759 

7. Dong N, Fang L, Zeng S, Sun Q, Chen H, Xiao S (2015) Por¬ 
cine deltacoronavirus in Mainland China. Emerg Infect Dis 
21:2254-2255 

8. Jung K, Hu H, Eyerly B, Lu Z, Chepngeno J, Saif LJ (2015) Patho- 
genecity of 2 porcine deltacoronavirus strains in gnotobiotic pigs. 
Emerg Infect Dis 21:650-654 

9. Lin CN, Chung WB, Chang SW, Wen CC, Liu H, Chien CH, 
Chiou MT (2014) US-like strain of porcine epidemic diar¬ 
rhea virus outbreaks in Taiwan, 2013-2014. J Vet Med Sci 
76:1297-1299 

10. Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular evolu¬ 
tionary genetics analysis version 7.0 for bigger datasets. Mol Biol 
Evol 33:1870-1874 

11. Su M, Li C, Guo D, Wei S, Wang S, Gene Y, Yao S, Gao J, Wang 
E, Zhao X, Wang Z, Wang J, Wu R, Feng L, Sun D (2016) A 
recombinant nucleocapsid protein-based indirect enzyme-linked 
immunosorbent assay to detect antibodies against porcine deltac¬ 
oronavirus. J Vet Med Sci 78:601-606 

12. Zhai S, Wei W, Li X, Wen X, Zhou X, Zhang H, Lv D, Li F, Wang 
D (2016) Occurrence and sequence analysis of porcine deltacoro- 
naviruses in southern China. Virol J 13:136 

13. Hu H, Jung K, Vlasova AN, Chepngeno J, Lu Z, Wang Q, Saifa LJ 
(2015) Isolation and characterization of Porcine deltacoronavirus 
from pigs with diarrhea in the United States. J Clin Microbiol 
53:1537-1548 

14. Thachil A, Gerber PF, Xiao CT, Huang YW, Opriessnig T (2015) 
Development and application of an ELISA for the detection of 
porcine deltacoronavirus IgG antibodies. PLoS One 10:e0124363 

15. McClusky BJ, Haley C, Rovira A, Main R, Zhang Y, Barder S 
(2016) Retrospective testing and case series study of porcine delta 
coronavirus in US swine herds. Prev Vet Med 123:185-191 

16. Lin CM, Gao X, Oka T, Vlasova AN, Esseili MA, Wang Q, Saif 
LJ (2015) Antigenic relationships among porcine epidemic diar¬ 
rhea virus and transmissible gastroenteritis virus strains. J Virol 
89:3332-3342 

17. Ma Y, Zhang Y, Liang X, Oglesbee M, Krakowka S, Niehaus A, 
Wang G, Jia A, Song H, Li J (2016) Two-way antigenic cross¬ 
reactivity between porcine epidemic diarrhea virus and porcine 
deltacoronavirus. Vet Microbiol 186:90-96 

18. Chen Q, Thomas JT, Gemenez-Lirola LG, Hardham JM, Gao Q, 
GerBer PF, Opriessnig T, Zheng Y, Li G, Gauger PC, Madson 
DM, Magstadt DR, Zhang J (2016) Evaluation of serological 
cross-reactivity and cross-neutralization between the United States 
porcine epidemic diarrhea virus prototype and S-INDEL-variant 
strains. BMC Vet Res 12:70 

19. Gimenez-Lirola LG, Zhang J, Carrillo-Avila JA, Chen Q, Mag- 
toto R, Poonsuk K, Baum DH, Pineyro P, Zimmerman J (2017) 
Reactivity of porcine epidemic diarrhea virus structural proteins 
to antibodies against porcine enteric coronaviruses: diagnostic 
implications. J Clin Microbiol 55:1426-1436 


5) Springer 



